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Acute liver failure (ALF) results from the acute and rapid loss of hepatocyte function and
frequently exhibits a fulminant course, characterized by high mortality in the absence of
immediate state-of-the-art intensive care and/or emergency liver transplantation (ELT).
The role of hepatocyte-mediated liver regeneration during acute and chronic liver injury
has been extensively investigated, and recent studies suggest that hepatocytes are not
exclusively responsible for the regeneration of the injured liver during fulminant liver injury.
Liver progenitor cells (LPC) (or resident liver stem cells) are quiescent in the healthy
liver, but may be activated under conditions where the regenerative capacity of mature
hepatocytes is severely impaired. This review aims to provide an overview of the role
of the LPC population during ALF, and the role of putative cytokines, growth factors,
mitogens, and hormones in the LPC response. We will highlight the potential interaction
among cellular compartments during ALF, and discuss the possible prognostic value of the
LPC response on ALF outcomes.
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INTRODUCTION
Acute liver failure (ALF) is a rare clinical syndrome that affects
around 2000 individuals in the USA annually (Polson and Lee,
2005) and frequently exhibits a fulminant course, characterized
by high mortality in the absence of immediate state-of-the-art
intensive care and/or emergency liver transplantation (ELT).
ALF results from the acute and rapid loss of hepatocyte
function, and is associated with coagulopathy [International
Normalized Ratio (INR)>1.5] and hepatic encephalopathy (HE)
in a patient without pre-existing liver disease. Typically, the time
from onset of symptoms to development of HE is up to 8
weeks, but may take up to 26 weeks (Polson and Lee, 2005).
Individuals who develop hepatic dysfunction (i.e., coagulopa-
thy), in the absence of HE are defined as having severe acute
liver injury (sALI). ALF can occur as a result of various etiolo-
gies. In a German study, triggers such as non-acetaminophen
drug-induction (including idiosyncratic toxic reactions, e.g.,
Phenprocoumon) (32%), indeterminate or sero-negative hep-
atitis (24%), viral hepatitis (such as hepatitis A, B, E) (21%)
(Jochum et al., 2009), and acetaminophen overdose (9%) (Hadem
et al., 2012) appear to be most frequent causes of ALF. Other eti-
ologies include autoimmune disease (or hepatitis) (Czaja, 2013),
ischemia (Henrion, 2012) pregnancy (Ichai and Saliba, 2009),
Wilsons disease (Okada et al., 2010), and congestive heart failure
(Saner et al., 2009).
The prognosis of ALF is primarily dependent upon the under-
lying etiology. During ALF, viral-mediated (i.e., direct cytopathic
effects), cytokine and/or immune-mediated (i.e., indirect cyto-
pathic effects) hepatocyte necrosis, and apoptosis occur. A regen-
erative process is triggered, and replication of the remaining
healthy hepatocytes ensues, in an attempt to restore hepatic
architecture and function. This process is initiated or regu-
lated, at least in part, by three major factors which include
cytokines, growth factors, and metabolic signaling pathways.
During the early stages of liver damage, inflammatory cytokines
trigger healthy hepatocytes to enter the cell cycle. If hepato-
cyte replication is hampered by excessive parenchymal dam-
age (as generally observed in ALF), or hepatocyte senescence
(as occurring in steatotic livers or livers with concomitant
chronic injury), resident liver progenitor cells (LPCs) are acti-
vated to support, or take over the role of regeneration. However,
for many with ALF, this regenerative process is inadequate to
match the rapid, confluent loss of hepatocyte mass and func-
tion, and liver transplantation offers the only potential hope
for survival. Further studies will be needed to ascertain if an
enhanced liver progenitor response could lead to better patient
outcomes.
A proportion of individuals will recover spontaneously from
ALF, and they exemplify the unique capacity of the liver to regen-
erate completely after injury. Currently used ALF scores/criteria
such as the King’s College criteria (KCC), Model of end stage
liver disease score (MELD), and Bilirubin-lactate-etiology score
(BiLE) (Hadem et al., 2008) utilize clinical parameters at the time
of admission and/or during the course of ALF, and reliably predict
death, but are poor at predicting survival. Recent studies suggest
that cell death markers (M65)-based MELD may improve pre-
diction of spontaneous survival (Bechmann et al., 2008, 2010).
Hepatocyte cell death is intricately linked to LPC response in
chronic liver disease (Jung et al., 2012; Sancho-Bru et al., 2012),
hence, raising the possibility that the amount or type of LPC
activation (i.e., progenitor cell response) during ALF could also
predict ALF outcomes.
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The aims of the review are: (A) To provide an overview of
the mechanisms of LPC activation and to highlight potential
therapeutic targets/strategies in context of ALF, and (B) To dis-
cuss the clinical relationship between LPC activation and acute
liver damage, and the possible role of LPC activation in predicting
ALF outcomes.
DIFFERENT CELL POPULATIONS ARE ACTIVATED DURING
ACUTE AND CHRONIC LIVER DAMAGE
ALF (fulminant hepatic failure) occurs when there is rapid, mas-
sive hepatocyte cell death, which leads to significant impairment
of liver function. On the other hand, chronic liver injury is driven
by progressive hepatocyte injury and death that spans months,
years and even decades.
The cellular response that occurs during hepatic injury essen-
tially mirrors the clinical scenario, and as such, is strongly associ-
ated with the etiology and severity of injury. Mature hepatocytes
constitute the majority cell type in the liver, and are unipotent
cells that contribute to normal cell turnover and are able to
respond rapidly to injurious stimuli (such as liver resection in
man, or partial hepatectomy in mice). In contrast, the LPC com-
partment is triggered to expand when hepatocyte loss occurs in
the presence of residual hepatocyte senescence (i.e., replicative
senescence), a feature common to chronic liver disease (Santoni-
Rugiu et al., 2005; Dollé et al., 2010). Upon transit amplification,
the LPCs infiltrate along the liver plate toward the central vein,
and differentiate into hepatocytes to restore liver function and cell
mass (Espanol-Suner et al., 2012).
The role of LPC in acute injury or ALF remains poorly defined
(Theise et al., 2013). Nevertheless, we and others have recently
reported that LPC expansion occurs in mice and humans dur-
ing acute hepatic injury (or hepatic failure), and propose that the
LPC compartment is an important contributor to the restoration
of liver parenchyma or function inmice (Ochoa et al., 2010; Khuu
et al., 2013). Inhibiting the LPC response in mice after 70% par-
tial hepatectomy led to impaired liver regeneration, as assessed
by the liver to body weight ratios, and reduced overall survival.
It is likely, however, that the LPC compartment is only activated
when there is an insufficient number of healthy residual hepato-
cytes to undertake the regenerative process. Indeed, Katoonizadeh
et al. suggest, that a minimum 50% hepatocyte loss and presence
of hepatocyte replicative senescence are necessary triggers for LPC
activation (Katoonizadeh et al., 2006).
The activation and expansion of the LPC compartment occurs
roughly over 7 days, while process of LPC differentiation into
intermediate hepatocytes requires an additional 7 days (Fausto,
2004; Fausto et al., 2006). Thus, the LPC response is a much
slower regenerative process (compared with hepatocyte replica-
tion), and can bemore easily detected in the livers of patients with
a sub-acute form of ALF (i.e., such as in those with sero-negative
hepatitis). Although there is no direct evidence on the role of LPC
in human liver regeneration during ALF, the presence of a ductu-
lar response after acute alcoholic hepatitis or ALF, and aggregate
data from small animal studies support the hypothesis that acti-
vation and differentiation of LPCs might play a pivotal role in
regeneration following fulminant hepatocyte loss (Katoonizadeh
et al., 2006; Sancho-Bru et al., 2012).
SIGNALING PATHWAYS AND MARKERS OF LPC
Under normal circumstances (i.e., in a healthy adult liver), the
responsibility of regenerating a liver after an acute insult falls
upon the residual hepatocytes. Ordinarily, hepatocytes turn over
once or twice a year (Fausto et al., 2006). Upon acute injury,
complete hepatocyte regeneration can occur after 2–3 cycles of
hepatocyte replication (Michalopoulos, 2010). This regenera-
tive process is orchestrated by cross talk between different liver
cell compartments, and mediated by multiple cytokines, growth
factors, and mitogens.
The regulation of the LPC response is best characterized in
humans and animal models of chronic liver disease. Chronic
liver disease is characterized by hepatocyte apoptosis, necrosis,
and senescence (Ghavami et al., 2005), and is concomitantly
associated with a robust expansion of the LPC compartment
(Duncan et al., 2009; Fellous et al., 2009). Some of the puta-
tive factors that promote LPC expansion include cytokines IL6,
TNFα, TGFβ, as well as cytokine regulated transcription fac-
tors nuclear factor kappa B, CCAAT enhancer binding pro-
tein beta, and growth factors HGF, EGF (Campbell et al.,
2001). Hormones (such as insulin, somatostatin) (Jung et al.,
2012), adipokines (cytokines released by adipocytes, such as
leptin) (Diehl, 2005; Nobili et al., 2012), and neurotransmit-
ters (such as serotonin, epinephrine or norepinephrine) have
also been reported to regulate LPC response or growth. The
interactions between these factors and signaling pathways are
complex, and remain poorly understood. In aggregate, they
act to stimulate the proliferation of LPC, and promote their
differentiation into new hepatocytic cells and cholangiocytes.
Recent studies show that morphogens (factors important dur-
ing embryonic development) such as Wnt, Notch, and Hedgehog
(Hh) are also important drivers of LPC response. For exam-
ple, Hh ligands released by apoptotic hepatocytes can act
on surrounding LPC and hepatic stellate cells (the key cell
involved in scar tissue accumulation) to promote liver repair
(Jung et al., 2010), while Wnt and Notch signals within the
microenvironment could modulate LPC differentiation into
either hepatocytes or cholangiocytes, respectively (Boulter et al.,
2012).
The regenerative process that follows ALF is not well described
or understood, but is likely to resemble the liver repair pro-
cess occurring during chronic liver disease. During ALF, the liver
would have been subject to a significant insult that results in
widespread hepatocyte necrosis and apoptosis, which far exceeds
the capacity of the remaining healthy hepatocytes to replicate and
to restore homeostatic function.
For individuals who have other co-morbidities (such as hepatic
steatosis associated with obesity or type 2 diabetes mellitus), hep-
atocytes may already exhibit replicative senescence which would
further limit the regenerative capability of residual hepatocytes.
The LPC compartment located within the canals of Herring
(Petersen and Shupe, 2008) is therefore tasked to restore hep-
atocytic function in the failing liver. Indeed, in a recent study
(Dechene et al., 2010), we observed a robust ductular reaction
among survivors of ALF. Consistently, LPC markers appeared to
correlate with severity and short-termmortality among individu-
als with alcoholic hepatitis (Sancho-Bru et al., 2012). Following
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fulminant liver injury, several different cell signaling axes have
also been postulated to regulate LPC-mediated liver regeneration.
The TNF-like weak apoptosis inducing factor
(TWEAK)/Fibroblast growth factor inducible 14 (Fn14)
pathway plays a crucial role in activation of LPCs. TWEAK/Fn 14
activation has been reported to selectively expand LPCs, without
affecting growth and viability of mature resident hepatocytes
(Jakubowski et al., 2005). Recent studies in humans and mice
with chronic liver disease confirmed that Fn14, the receptor
of TWEAK, is dramatically upregulated during chronic injury,
and directly modulates the LPC response (Tirnitz-Parker et al.,
2010). Liver expression of TWEAK/Fn14 is also upregulated
significantly, early after partial hepatectomy (Ochoa et al., 2010).
Using the Fn14-deficient mice, Karaca and colleagues further
propose that TWEAK/Fn14 axis could directly stimulate LPC
expansion after acute liver injury (Karaca et al., 2010).
Following activation of progenitor cell niche, it has been pos-
tulated, that migration of LPCs is mediated by SCF/c-Kit (Hu and
Colletti, 2008) and SDF1/CXCR4 (Hatch et al., 2002):
Stem cell factor (SCF) and its receptor c-kit play a key role
in hematopoiesis and cellular proliferation. It is well accepted,
that c-kit is a cell surface marker for progenitor cells (Heinemann
et al., 2005). The biologic effects of the SCF/c-kit system are
believed to involve survival, proliferation, and migration of early
stem cell progeny (Fujio et al., 1994). There is a large reser-
voir of hepatic SCF, and this molecule has proven to play a
pivotal role in liver reconstitution following 70% partial hep-
atectomy in mice. In another mouse model of ALF, Hu and
co-workers found SCF-deficient mice administered APAP exhib-
ited significantly higher mortality compared with litter-mate
controls. Furthermore, administration of exogenous SCF signifi-
cantly reducedmortality of APAP-treated wild-typemice (Hu and
Colletti, 2008).
Stromal derived factor-1 alpha (SDF-1alpha) and its cognate
receptor CXCR4 have similarly been shown to regulate migra-
tion of hematopoietic stem cells (HSC) in the fetal and adult
stages of hematopoiesis. Previously, others have shown that bone
marrow-derived mesenchymal stem cells promote hepatic regen-
eration after CCl 4 treatment in rats (Gruttadauria et al., 2013;
Li et al., 2013). Hatch and colleagues recently proposed that the
SDF-1alpha-CXCR4 axis is important for oval (LPC) cell acti-
vation during liver regeneration. They show that up-regulation
of hepatocyte-derived SDF-1alpha expression during fulminant
liver injury could not only promote recruitment of HSC from the
bone-marrow (Hatch et al., 2002), but also enhance LPC accumu-
lation, as both of these progenitor populations express CXCR4,
the known receptor for SDF-1alpha.
The Hh pathway normally orchestrates fetal tissue and organ
development, but has been shown to play an important role
during adult tissue repair (Omenetti and Diehl, 2008). Hh lig-
ands stimulate the expansion and viability of various stem cells
(Yang et al., 2008b) and have been shown to function as viability
factors for human and rodent liver progenitors. Recent stud-
ies have shown that Hh pathway activation occurs during liver
regeneration after partial hepatectomy (Ochoa et al., 2010; Cai
et al., 2011; Hanaoka et al., 2013). Importantly, inhibiting the
Hh signaling (with cyclopamine, an antagonist of Smoothened),
led to an attenuated LPC response, a lower expression of liver
progenitor markers, AFP, Fn14, and K19, and reduced overall
survival (Ochoa et al., 2010). The aggregate observations con-
firm the importance of Hh signaling in the LPC response after
acute liver injury, and suggest that the degree of Hh pathway
activation may dictate the extent of liver regeneration and clin-
ical outcome in ALF. Although consistent with its recognized role
during development, further studies will be needed to ascertain
the importance of Hh-mediated LPC response in other mod-
els of adult ALF. A better understanding of the role of LPC in
ALF, and more detailed study of some of these pathways may
help identify potential treatment strategies for the treatment
of ALF.
The role of Tri-iodothyronine (T3) in tissue regeneration
is well recognized (Leffert and Alexander, 1976; Short and
Ove, 1983). Experimental models of liver regeneration have, in
most cases, focused on characterizing hepatocyte replication,
but not of LPC-mediated parenchymal reconstitution. T3 affects
cell growth, differentiation, and regulates metabolic functions
via its interaction with the thyroid hormone nuclear receptors
(TRs). Cumulative studies suggest that T3 is a potent stim-
ulator of liver regeneration. Bockhorn et al. found out that
the exogenous administration of T3 enhanced liver regenera-
tion after 70 and 90% hepatectomy in terms of increased liver
to body weight ratio and Ki-67 index (Bockhorn et al., 2007).
Several molecular mechanisms have been postulated to medi-
ate T3 effects on liver regeneration. T3 stimulated rats that were
subjected to partial hepatectomy expressed the cell cycle pro-
tein, cyclin D1 at earlier time points compared with control
rats that did not receive T3, suggesting that T3-TR signaling
is an important regulator of the cell cycle in an experimen-
tal model of liver resection (Leffert and Alexander, 1976; Short
and Ove, 1983). Recent reports suggest that T3 not only stim-
ulates hepatocyte proliferation, but may induce LPC activation
during fulminant liver injury. In a rodent model of combined
AAF/PH, László et al. showed that administration of T3 led to
an accelerated differentiation of LPCs into hepatocytes (Laszlo
et al., 2008). Nevertheless, the molecular mechanisms underlying
the LPC differentiation response have yet to be fully under-
stood.
IS THERE A CELLULAR MICRO-ENVIRONMENT
CHAPERONING LPC MIGRATION?
LPCs are believed to originate from the canals of Hering (CoH),
which is lined proportionately by cholangiocytes and hepato-
cytes (see Figure 1). It serves to conduct bile from the bile
canaliculi to the terminal bile ducts located in the portal tracts
(Saxena and Theise, 2004). Because the CoH constitutes the
biliary-hepatocytic interface, it makes biological sense that LPCs,
being bipotential cells, are located in this niche. The LPC neigh-
borhood includes epithelial (hepatocytes and cholangiocytes)
cells, hepatic stellate cells, immune cells (i.e., Kupffer cells),
and the extracellular matrix (ECM). The proximity of these
cells suggests that crosstalk is important, and occurs not only
under basal, homeostatic conditions, but also during injury and
repair. Indeed, during liver injury, soluble factors released by one
cell type act in a autocrine and paracrine manner to regulate
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FIGURE 1 | During acute liver injury, hepatocyte (and cholangiocyte)
apoptosis, and necrosis occur. With minor injury, restoration of
hepatocyte mass and function is mediated by the replication of
remaining healthy hepatocytes (and cholangiocytes). During a major
insult, massive, and confluent hepatocyte loss occurs. There are
insufficient healthy remaining hepatocytes mass to restore hepatic
function; as such, the liver progenitor (LPC) or liver stem cell
compartment is activated in an attempt to restore epithelial cell mass,
architecture, and function. The bipotential LPCs reside in the Canals of
Herring (CoH), located in the niche of the biliary-hepatocytic interface,
and are able to infiltrate along the liver plate and differentiate into
hepatocytes and cholangiocytes. LPCs are surrounded by epithelial cells,
non-parenchymal cells such as hepatic stellate cells, as well as immune
cells and extracellular matrix. These regenerative processes are
triggered and regulated by the plethora of cytokines, growth factors and
metabolic signals. Resurrection of morphogenic signals (i.e., Hedgehog,
Wnt, Notch) also occurs, particularly during massive injury, to invoke the
liver progenitor cell compartment. In brief, these molecules act in
concert to ensure that sufficient regeneration occurs, and yet, not
exceed normal homeostatic requirements.
the growth and differentiation of a neighboring cell compart-
ment (Parola and Pinzani, 2009). We reported that Hh ligands
which are over-expressed during acute and chronic liver injury
could directly stimulate LPCs to secrete chemokines that lead
to the additional recruitment of inflammatory cells which par-
ticipate in the regeneration or repair process (Omenetti et al.,
2009). Inflammatory cells produce a range of cytokines and
chemokines. SDF-1 attracts CXCR4+ T cells, which express TNF-
like weak inducer of apoptosis (TWEAK), that in turn stimu-
lates LPC response by engaging its receptor Fn14 (Alison et al.,
2009).
Recent studies further show that the expansion of the LPC
compartment occurs in association with ECM remodeling (Van
Hul et al., 2009; Lorenzini et al., 2010; Lozoya et al., 2011),
while failure of ECM remodeling lead to impaired ability of the
liver to activate LPCs (Kallis et al., 2011). In this study, laminin-
LPC interactions were shown to be critical for LPC-mediated
repair. Separately, Van Hul and co-workers observed that ECM
deposition and activation of matrix-secreting cells occurred, not
only before the increase in number of LPCs, but also in front of
LPCs along the porto-venous gradient of lobular invasion (Van
Hul et al., 2009). During migration, LPCs are embedded within
ECM and are chaperoned by alpha-smooth muscle actin (alpha-
SMA)-positive cells (Van Hul et al., 2009). In addition to a direct
effect of Hh on LPC, Hh pathway activation could also enhance
LPC proliferation, indirectly, through the activation of hepatic
stellate cells into matrix-producing myofibroblasts (Choi et al.,
2009). These findings in mice support our study in man, where
we showed that LPC expansion (ductular reaction) occurred in
context of the fibrogenic response (Dechene et al., 2010). We
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propose that short term accumulation of collagen matrix might
be a physiological repair response that precedes parenchymal
cell reconstitution. Similar to findings in mice, the fibrous tissue
scaffold is the LPC niche that facilitates LPC activation and
differentiation.
Further studies will be needed to understand if, and how
ECM composition could modulate LPC responses after ALF,
and whether modifying individual components of ECM could
regulate LPC proliferation and differentiation.
IS THERE A CORRELATION BETWEEN LPC ACTIVATION AND
CLINICAL PARAMETERS IN ALF?
Currently used ALF scoring systems such as the KCC, MELD,
and BiLE reliably predict death, but are poor at predicting sur-
vival (Polson and Lee, 2005). None of these systems take into
account the histological changes that occur during ALF. The role
of histology and presence or absence of hepatocyte cell death has
only recently come to fore. We recently reported that a CK18
M65 (marker of cell death)-based MELD score could predict sur-
vival from ALF with greater sensitivity and specificity (Bechmann
et al., 2010). Among individuals with acute alcoholic hepatitis, a
condition with high mortality, expression of LPC markers cor-
related positively with clinical severity and short-term mortality
(Sancho-Bru et al., 2012).
A similar study of 74 patients with ALF or sub-acute liver
failure demonstrated a positive correlation between histopatho-
logical findings (of hepatocyte loss, the number of proliferating
hepatocytes and the number of LPCs) and clinical severity by
the MELD score. The fact that the number of LPCs was not rel-
evantly different between mild (30%) and moderate (30–50%)
hepatocyte loss, but significantly increased upon severe (50–75%)
or very severe (>75%) injury, clearly indicates that LPC com-
partment activation requires a high parenchymal injury threshold
prior to its recruitment (Katoonizadeh et al., 2006). Importantly,
surviving patients exhibited significantly fewer hepatocyte losses,
less LPC activation and more mature hepatocyte proliferative
activity, compared with those who either died or needed a liver
transplant.
The cumulative data show that the degree of LPC activation
and expansion of LPC compartment correlates strongly with the
extent of hepatic injury and severity of ALF. Further studies will
certainly be needed to evaluate if liver histology would improve
prognostication (or predicting survival) for patients with ALF.
COULD LPCs REPRESENT A FUTURE CELL THERAPY OPTION
IN ALF?
Whether the LPC response is simply a bystander effect as a result
of the rich cytokine milieu, or whether it is an incomplete or
unsuccessful attempt at liver regeneration remains to be seen.
However, the significance of LPC activation during recovery from
acute liver injury remains subject of controversy. Lineage tracing
models utilizing reporter mouse models might represent a feasi-
ble tool to quantify the contribution of LPC during regeneration
(Malato et al., 2011; Espanol-Suner et al., 2012; Diehl and Chute,
2013).
At present, the only curative treatment for patients with
fulminant hepatic failure is an ELT. However, this is significantly
limited by the shortage of suitable donor organs. As such, hepa-
tocyte (cell) transplantation has been evaluated as an alternative
for those ineligible for liver transplantation, or as a bridge to liver
transplant. This is particularly attractive because cryopreserved
cells are readily available. However, the number of cells that can
be delivered (via the portal vein) is limited by the risks of portal
hypertension (Weber et al., 2009a,b), and their large size lead to
reduced cellular engraftment (Fox et al., 1998). LPC, on the other
hand, are small in size, and are capable of differentiating into both
hepatocytes and cholangiocytes (Sandhu et al., 2001). It would be
important to study if enhanced expansion of the LPC compart-
ment, with or without changes in the LPC niche, could lead to
amelioration of ALF.
Previously, the limiting factor in the study of LPC has been
the inability to identify, isolate or purify these cells in a reliable
fashion. Recently, Cardinale and colleagues successfully isolated
multipotent stem/progenitor cells from the human biliary tree
by extended cell culture techniques (Cardinale et al., 2011) and
demonstrated that these progenitor cells are capable of giving
rise to hepatocytes, cholangiocytes, and pancreatic islets. We
have similarly developed a LPC isolation protocol for mouse
and human liver tissue, but using fluorescence-activated cell
sorting (FACS). Our technique was based on the observation
that progenitor cells express high levels of aldehyde dehydro-
genase (ALDH) activity. FACS-ALDH positive LPC in culture
could give rise to functional hepatocyte-like cells as illustrated
by albumin and urea secretion and cytochrome P450 activ-
ity. These novel methods of LPC isolation could well pave the
way for the development of future ALF therapies (Dollé et al.,
2012).
A non-parenchymal cell population that might have an
implication in liver regeneration are hepatic stellate cells. Their
contribution to liver regeneration was recently confirmed with
pancreatic stellate cells that were transplanted via tail vein injec-
tion into rats that were previously subjected to 70% PH and
substantially contributed to organ reconstitution by differen-
tiating into epithelial cells. The contribution of stem cells in
tissue repair remains controversial, but prevailing evidence sug-
gest that bone marrow or adipose tissue derived MSCs might
contribute to liver regeneration through differentiation (Sato
et al., 2005; Aurich et al., 2007; Chamberlain et al., 2007).
Hepatic stellate cells could possibly fulfill a dual role as support-
ive cells producing a connective tissue scaffold facilitating LPC
expansion and migration on the one hand and as progenitor
cells on the other (Yang et al., 2008a; Kordes and Haussinger,
2013).
The inter-relationship between liver and non-liver progeni-
tor or stem cells (i.e., bone marrow derived), and their roles in
liver regeneration after ALF remains complex and poorly under-
stood. Further studies will be necessary to understand and tap this
potential source of new liver cells. Administration of granulocyte
colony stimulating factor (G-CSF) during myocardial infarction
for example, leads to the mobilization and differentiation of
HSC to a committed lineage (Theiss et al., 2013). Therefore,
a potential attempt to enhance liver regeneration during ALF
might be a mobilization of bone marrow progenitor cells by an
administration of G-CSF.
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CONCLUSIONS
Further studies will be needed to understand the role of the LPC
response during ALF. Cumulative data to date suggest that the
LPC compartment is activated when there is confluent loss of
hepatocyte mass, that lead to insufficient regenerative capacity of
residual hepatocytes. The cytokine storm that ensues during acute
liver injury, in combination with growth factors, morphogens,
hormones, and neurotransmitters, all act in concert to dictate
the LPC response. LPC activation and differentiation appears to
require ECM, and forms the LPC niche. Hence, modulating the
ECM composition and/or enhancing the LPC response could be
useful strategies to promote liver regeneration.
Observational studies from cohorts of patients with ALF show
that the amount and type of LPC activation/expansion corre-
late with severity of liver injury, and clinical outcomes. This is
unsurprising as hepatocyte cell death is intricately associated with
liver repair (i.e., the greater the injury, the greater the attempt
at repair). Currently used scoring systems have not been able to
reliably predict those who may survive from ALF. Future studies
will be needed to evaluate if the degree of LPC response and/or
ECM accumulation could be useful biomarkers of regenerative
capability, thus improving clinical decision making in ALF.
FUNDING
Foundation for Liver Research (Wing-Kin Syn, Jason Coombes),
CORE (Wing-Kin Syn), BRET (Wing-Kin Syn), Belgian Federal
Science Policy Office (Interuniversity Attraction Poles program
- P6/20 and P7/83-HEPRO) (Jan Best, Laurent Dollé, and Leo
A. van Grunsven), the Brussels Capital Region (INNOVIRIS
Impulse programme-Life Sciences 2007 and 2011; BruStem) (Jan
Best, Laurent Dollé, and Leo A. van Grunsven) and the Institute
for the Promotion of Innovation through Science and Technology
in Flanders (SBO-IWT-090066 HEPSTEM) (Jan Best, Laurent
Dollé, and Leo A. van Grunsven).
REFERENCES
Alison, M. R., Islam, S., and Lim, S.
(2009). Stem cells in liver regenera-
tion, fibrosis and cancer: the good,
the bad and the ugly. J. Pathol. 217,
282–298. doi: 10.1002/path.2453
Aurich, I., Mueller, L. P., Aurich,
H., Luetzkendorf, J., Tisljar, K.,
Dollinger, M. M., et al. (2007).
Functional integration of hep-
atocytes derived from human
mesenchymal stem cells into
mouse livers. Gut 56, 405–415. doi:
10.1136/gut.2005.090050
Bechmann, L. P., Jochum, C.,
Kocabayoglu, P., Sowa, J. P.,
Kassalik, M., Gieseler, R. K., et al.
(2010). Cytokeratin 18-based
modification of the MELD score
improves prediction of sponta-
neous survival after acute liver
injury. J. Hepatol. 53, 639–647. doi:
10.1016/j.jhep.2010.04.029
Bechmann, L. P., Marquitan, G.,
Jochum, C., Saner, F., Gerken, G.,
and Canbay, A. (2008). Apoptosis
versus necrosis rate as a predictor
in acute liver failure following
acetaminophen intoxication com-
pared with acute-on-chronic
liver failure. Liver Int. 28,
713–716. doi: 10.1111/j.1478-3231.
2007.01566.x
Bockhorn, M., Frilling, A., Benko, T.,
Best, J., Sheu, S. Y., Trippler, M.,
et al. (2007). Tri-iodothyronine as
a stimulator of liver regeneration
after partial and subtotal hepatec-
tomy. Eur. Surg. Res. 39, 58–63. doi:
10.1159/000098443
Boulter, L., Govaere, O., Bird, T.
G., Radulescu, S., Ramachandran,
P., Pellicoro, A., et al. (2012).
Macrophage-derived Wnt opposes
Notch signaling to specify hepatic
progenitor cell fate in chronic liver
disease. Nat. Med. 18, 572–579. doi:
10.1038/nm.2667
Cai, Y., Zheng, H., Gong, W., Che,
Y., and Jiang, B. (2011). The role
of hedgehog signaling pathway in
liver regeneration. Hepatogastro-
enterology 58, 2071–2076.
Campbell, J. S., Prichard, L., Schaper,
F., Schmitz, J., Stephenson-Famy,
A., Rosenfeld, M. E., et al. (2001).
Expression of suppressors of
cytokine signaling during liver
regeneration. J. Clin. Invest. 107,
1285–1292. doi: 10.1172/JCI11867
Cardinale, V., Wang, Y., Carpino,
G., Cui, C. B., Gatto, M., Rossi,
M., et al. (2011). Multipotent
stem/progenitor cells in human
biliary tree give rise to hepatocytes,
cholangiocytes, and pancreatic
islets. Hepatology 54, 2159–2172.
doi: 10.1002/hep.24590
Chamberlain, J., Yamagami, T., Colletti,
E., Theise, N. D., Desai, J., Frias,
A., et al. (2007). Efficient generation
of human hepatocytes by the intra-
hepatic delivery of clonal human
mesenchymal stem cells in fetal
sheep. Hepatology 46, 1935–1945.
doi: 10.1002/hep.21899
Choi, S. S., Omenetti, A., Witek, R.
P., Moylan, C. A., Syn, W. K.,
Jung, Y., et al. (2009). Hedgehog
pathway activation and epithelial-
to-mesenchymal transitions during
myofibroblastic transformation of
rat hepatic cells in culture and cir-
rhosis. Am. J. Physiol. Gastrointest.
Liver Physiol. 297, G1093–G1106.
doi: 10.1152/ajpgi.00292.2009
Czaja, A. J. (2013). Acute and acute
severe (fulminant) autoimmune
hepatitis. Dig. Dis. Sci. 58, 897–914.
doi: 10.1007/s10620-012-2445-4
Dechene, A., Sowa, J. P., Gieseler, R.
K., Jochum, C., Bechmann, L. P., El
Fouly, A., et al. (2010). Acute liver
failure is associated with elevated
liver stiffness and hepatic stel-
late cell activation. Hepatology 52,
1008–1016. doi: 10.1002/hep.23754
Diehl, A. M. (2005). Lessons
from animal models of NASH.
Hepatol. Res. 33, 138–144. doi:
10.1016/j.hepres.2005.09.022
Diehl, A. M., and Chute, J. (2013).
Underlying potential: cellular and
molecular determinants of adult
liver repair. J. Clin. Invest. 123,
1858–1860. doi: 10.1172/JCI69966
Dollé, L., Best, J., Empsen, C., Mei,
J., Van Rossen, E., Roelandt, P.,
et al. (2012). Successful isolation
of liver progenitor cells by alde-
hyde dehydrogenase activity in naive
mice. Hepatology 55, 540–552. doi:
10.1002/hep.24693
Dollé, L., Best, J., Mei, J., Al Battah,
F., Reynaert, H., Van Grunsven, L.
A., et al. (2010). The quest for liver
progenitor cells: a practical point of
view. J. Hepatol. 52, 117–129. doi:
10.1016/j.jhep.2009.10.009
Duncan, A. W., Dorrell, C., and
Grompe, M. (2009). Stem
cells and liver regeneration.
Gastroenterology 137, 466–481.
doi: 10.1053/j.gastro.2009.05.044
Espanol-Suner, R., Carpentier, R.,
Van Hul, N., Legry, V., Achouri,
Y., Cordi, S., et al. (2012). Liver
progenitor cells yield func-
tional hepatocytes in response
to chronic liver injury in mice.
Gastroenterology 143, 1564–1575.e7.
doi: 10.1053/j.gastro.2012.08.024
Fausto, N. (2004). Liver regeneration
and repair: hepatocytes, progenitor
cells, and stem cells. Hepatology 39,
1477–1487. doi: 10.1002/hep.20214
Fausto, N., Campbell, J. S., and Riehle,
K. J. (2006). Liver regeneration.
Hepatology 43, S45–S53. doi:
10.1002/hep.20969
Fellous, T. G., Islam, S., Tadrous,
P. J., Elia, G., Kocher, H. M.,
Bhattacharya, S., et al. (2009).
Locating the stem cell niche
and tracing hepatocyte lineages
in human liver. Hepatology 49,
1655–1663. doi: 10.1002/hep.22791
Fox, I. J., Chowdhury, J. R., Kaufman,
S. S., Goertzen, T. C., Chowdhury,
N. R., Warkentin, P. I., et al. (1998).
Treatment of the Crigler-Najjar syn-
drome type I with hepatocyte trans-
plantation. N. Engl. J. Med. 338,
1422–1426. doi: 10.1056/NEJM199
805143382004
Fujio, K., Evarts, R. P., Hu, Z., Marsden,
E. R., and Thorgeirsson, S. S. (1994).
Expression of stem cell factor and its
receptor, c-kit, during liver regen-
eration from putative stem cells in
adult rat. Lab. Invest. 70, 511–516.
Ghavami, S., Hashemi, M., Kadkhoda,
K., Alavian, S. M., Bay, G. H., and
Los, M. (2005). Apoptosis in liver
diseases–detection and therapeutic
applications. Med. Sci. Monit. 11,
RA337–RA345.
Gruttadauria, S., Grosso, G., Pagano,
D., Biondi, A., Echeverri, G. J.,
Seria, E., et al. (2013). Marrow-
derived mesenchymal stem cells
restore biochemicalmarkers of acute
liver injury in experimental model.
Transplant. Proc. 45, 480–486. doi:
10.1016/j.transproceed.2012.06.087
Hadem, J., Stiefel, P., Bahr, M.
J., Tillmann, H. L., Rifai, K.,
Klempnauer, J., et al. (2008).
Prognostic implications of lactate,
bilirubin, and etiology in German
patients with acute liver failure.
Clin. Gastroenterol. Hepatol. 6,
339–345. doi: 10.1016/j.cgh.2007.
12.039
Frontiers in Physiology | Gastrointestinal Sciences September 2013 | Volume 4 | Article 258 | 6
Best et al. Progenitors in acute liver injury
Hadem, J., Tacke, F., Bruns, T.,
Langgartner, J., Strnad, P., Denk,
G. U., et al. (2012). Etiologies and
outcomes of acute liver failure
in Germany. Clin. Gastroenterol.
Hepatol. 10, 664.e2–669.e2. doi:
10.1016/j.cgh.2012.02.016
Hanaoka, J., Shimada, M., Utsunomiya,
T., Morine, Y., Imura, S., Ikemoto,
T., et al. (2013). Significance of sonic
hedgehog signaling after massive
hepatectomy in a rat. Surg. Today 43,
300–307. doi: 10.1007/s00595-012-
0248-z
Hatch, H. M., Zheng, D., Jorgensen,
M. L., and Petersen, B. E. (2002).
SDF-1alpha/CXCR4: a mechanism
for hepatic oval cell activation and
bone marrow stem cell recruit-
ment to the injured liver of rats.
Cloning Stem Cells 4, 339–351. doi:
10.1089/153623002321025014
Heinemann, A., Sturm, G. J., Ofner,
M., Sturm, E. M., Weller, C., Peskar,
B. A., et al. (2005). Stem cell factor
stimulates the chemotaxis, inte-
grin upregulation, and survival
of human basophils. J. Allergy
Clin. Immunol. 116, 820–826. doi:
10.1016/j.jaci.2005.06.008
Henrion, J. (2012). Hypoxic hepati-
tis. Liver Int. 32, 1039–1052. doi:
10.1111/j.1478-3231.2011.02655.x
Hu, B., and Colletti, L. M. (2008).
Stem cell factor and c-kit are
involved in hepatic recovery after
acetaminophen-induced liver injury
in mice. Am. J. Physiol. Gastrointest.
Liver Physiol. 295, G45–G53. doi:
10.1152/ajpgi.00024.2008
Ichai, P., and Saliba, F. (2009).
Fulminant and subfulminant
hepatitis: causes and treatment.
Presse Med 38, 1290–1298.
Jakubowski, A., Ambrose, C., Parr,
M., Lincecum, J. M., Wang, M.
Z., Zheng, T. S., et al. (2005).
TWEAK induces liver progenitor
cell proliferation. J. Clin. Invest. 115,
2330–2340. doi: 10.1172/JCI23486
Jochum, C., Gieseler, R. K., Gawlista,
I., Fiedler, A., Manka, P., Saner,
F. H., et al. (2009). Hepatitis
B-associated acute liver failure:
immediate treatment with entecavir
inhibits hepatitis B virus replica-
tion and potentially its sequelae.
Digestion 80, 235–240. doi: 10.1159/
000236009
Jung, Y., Oh, S. H., Witek, R. P., and
Petersen, B. E. (2012). Somatostatin
stimulates the migration of hep-
atic oval cells in the injured rat
liver. Liver Int. 32, 312–320. doi:
10.1111/j.1478-3231.2011.02642.x
Jung, Y., Witek, R. P., Syn, W. K., Choi,
S. S., Omenetti, A., Premont, R.,
et al. (2010). Signals from dying
hepatocytes trigger growth of liver
progenitors. Gut 59, 655–665. doi:
10.1136/gut.2009.204354
Kallis, Y. N., Robson, A. J., Fallowfield,
J. A., Thomas, H. C., Alison, M.
R., Wright, N. A., et al. (2011).
Remodelling of extracellular matrix
is a requirement for the hep-
atic progenitor cell response. Gut
60, 525–533. doi: 10.1136/gut.2010.
224436
Karaca, G. F., Chen, Y. P., Syn, W. K.,
Ochoa, B., Choi, S. S., Jakubowski,
A., et al. (2010). Defective liver
regeneration after partial hepatec-
tomy in mice lacking fibroblast
growth factor inducible 14.
Hepatology 52(Suppl.), 969A–970A.
Katoonizadeh, A., Nevens, F., Verslype,
C., Pirenne, J., and Roskams, T.
(2006). Liver regeneration in acute
severe liver impairment: a clinico-
pathological correlation study. Liver
Int. 26, 1225–1233. doi: 10.1111/j.
1478-3231.2006.01377.x
Khuu, D. N., Nyabi, O., Maerckx,
C., Sokal, E., and Najimi, M.
(2013). Adult human liver mes-
enchymal stem/progenitor cells par-
ticipate to mouse liver regeneration
after hepatectomy. Cell Transplant.
22, 1369–1380. doi: 10.3727/096368
912X659853
Kordes, C., and Haussinger, D.
(2013). Hepatic stem cell niches.
J. Clin. Invest. 123, 1874–1880. doi:
10.1172/JCI66027
Laszlo, V., Dezso, K., Baghy, K.,
Papp, V., Kovalszky, I., Safrany,
G., et al. (2008). Triiodothyronine
accelerates differentiation of rat
liver progenitor cells into hepa-
tocytes. Histochem. Cell Biol. 130,
1005–1014. doi: 10.1007/s00418-
008-0482-z
Leffert, H. L., and Alexander, N.
M. (1976). Thyroid hormone
metabolism during liver regen-
eration in rats. Endocrinology 98,
1241–1247. doi: 10.1210/endo-98-
5-1241
Li, D. L., He, X. H., Zhang, S. A.,
Fang, J., Chen, F. S., and Fan,
J. J. (2013). Bone marrow-derived
mesenchymal stem cells promote
hepatic regeneration after partial
hepatectomy in rats. Pathobiology
80, 228–234. doi: 10.1159/000346
796
Lorenzini, S., Bird, T. G., Boulter, L.,
Bellamy, C., Samuel, K., Aucott,
R., et al. (2010). Characterisation
of a stereotypical cellular and
extracellular adult liver progenitor
cell niche in rodents and diseased
human liver. Gut 59, 645–654. doi:
10.1136/gut.2009.182345
Lozoya, O. A., Wauthier, E., Turner,
R. A., Barbier, C., Prestwich, G. D.,
Guilak, F., et al. (2011). Regulation
of hepatic stem/progenitor pheno-
type by microenvironment stiffness
in hydrogel models of the human
liver stem cell niche. Biomaterials
32, 7389–7402. doi: 10.1016/j.bio
materials.2011.06.042
Malato, Y., Naqvi, S., Schurmann, N.,
Ng, R., Wang, B., Zape, J., et al.
(2011). Fate tracing of mature
hepatocytes in mouse liver home-
ostasis and regeneration. J. Clin.
Invest. 121, 4850–4860. doi:
10.1172/JCI59261
Michalopoulos, G. K. (2010). Liver
regeneration after partial hepate-
ctomy: critical analysis of mech-
anistic dilemmas. Am. J. Pathol.
176, 2–13. doi: 10.2353/ajpath.2010.
090675
Nobili, V., Carpino, G., Alisi, A.,
Franchitto, A., Alpini, G., De Vito,
R., et al. (2012). Hepatic pro-
genitor cells activation, fibrosis,
and adipokines production in pedi-
atric nonalcoholic fatty liver dis-
ease.Hepatology 56, 2142–2153. doi:
10.1002/hep.25742
Ochoa, B., Syn, W. K., Delgado, I.,
Karaca, G. F., Jung, Y., Wang, J.,
et al. (2010). Hedgehog signaling
is critical for normal liver regen-
eration after partial hepatectomy
in mice. Hepatology 51, 1712–1723.
doi: 10.1002/hep.23525
Okada, T., Shiono, Y., Kaneko, Y.,
Miwa, K., Hasatani, K., Hayashi,
Y., et al. (2010). High prevalence
of fulminant hepatic failure among
patients with mutant alleles for
truncation of ATP7B in Wilson’s
disease. Scand. J. Gastroenterol. 45,
1232–1237. doi: 10.3109/00365521.
2010.492527
Omenetti, A., and Diehl, A. M. (2008).
The adventures of sonic hedge-
hog in development and repair. II.
Sonic hedgehog and liver devel-
opment, inflammation, and can-
cer. Am. J. Physiol. Gastrointest.
Liver Physiol. 294, G595–G598. doi:
10.1152/ajpgi.00543.2007
Omenetti, A., Syn, W. K., Jung, Y.,
Francis, H., Porrello, A., Witek,
R. P., et al. (2009). Repair-
related activation of hedgehog
signaling promotes cholangiocyte
chemokine production. Hepatology
50, 518–527. doi: 10.1002/hep.23019
Parola, M., and Pinzani, M.
(2009). Hepatic wound repair.
Fibrogenesis Tissue Repair 2, 4. doi:
10.1186/1755-1536-2-4
Petersen, B., and Shupe, T. (2008).
Location is everything: the liver
stem cell niche. Hepatology 47,
1810–1812. doi: 10.1002/hep.22333
Polson, J., and Lee, W. M. (2005).
AASLD position paper: the man-
agement of acute liver failure.
Hepatology 41, 1179–1197. doi:
10.1002/hep.20703
Sancho-Bru, P., Altamirano, J.,
Rodrigo-Torres, D., Coll, M.,
Millan, C., Jose Lozano, J., et al.
(2012). Liver progenitor cell
markers correlate with liver damage
and predict short-term mortality
in patients with alcoholic hepatitis.
Hepatology 55, 1931–1941. doi:
10.1002/hep.25614
Sandhu, J. S., Petkov, P. M., Dabeva,
M. D., and Shafritz, D. A. (2001).
Stem cell properties and repop-
ulation of the rat liver by fetal
liver epithelial progenitor cells. Am.
J. Pathol. 159, 1323–1334. doi:
10.1016/S0002-9440(10)62519-9
Saner, F. H., Heuer, M., Meyer, M.,
Canbay, A., Sotiropoulos, G. C.,
Radtke, A., et al. (2009). When the
heart kills the liver: acute liver fail-
ure in congestive heart failure. Eur.
J. Med. Res. 14, 541–546.
Santoni-Rugiu, E., Jelnes, P.,
Thorgeirsson, S. S., and Bisgaard,
H. C. (2005). Progenitor cells
in liver regeneration: molecular
responses controlling their acti-
vation and expansion. APMIS
113, 876–902. doi: 10.1111/j.1600-
0463.2005.apm_386.x
Sato, Y., Araki, H., Kato, J., Nakamura,
K., Kawano, Y., Kobune, M., et al.
(2005). Human mesenchymal stem
cells xenografted directly to rat liver
are differentiated into human hep-
atocytes without fusion. Blood 106,
756–763. doi: 10.1182/blood-2005-
02-0572
Saxena, R., and Theise, N. (2004).
Canals of Hering: recent insights
and current knowledge. Semin. Liver
Dis. 24, 43–48. doi: 10.1055/s-2004-
823100
Short, J., and Ove, P. (1983). Synthesis
of an hypothesis advocating a
prominent role for the thyroid
hormones in mammalian liver cell
proliferation in vivo. Cytobios 38,
39–49.
Theise, N. D., Dolle, L., and Kuwahara,
R. (2013). Low hepatocyte repop-
ulation from stem cells: a matter




Theiss, H. D., Gross, L., Vallaster, M.,
David, R., Brunner, S., Brenner,
C., et al. (2013). Antidiabetic
gliptins in combination with G-CSF
enhances myocardial function and
survival after acute myocardial
infarction. Int. J. Cardiol. doi:
10.1016/j.ijcard.2013.04.121. [Epub
ahead of print].
Tirnitz-Parker, J. E., Viebahn, C. S.,
Jakubowski, A., Klopcic, B. R.,
www.frontiersin.org September 2013 | Volume 4 | Article 258 | 7
Best et al. Progenitors in acute liver injury
Olynyk, J. K., Yeoh, G. C., et al.
(2010). Tumor necrosis factor-
like weak inducer of apoptosis
is a mitogen for liver progenitor
cells. Hepatology 52, 291–302. doi:
10.1002/hep.23663
Van Hul, N. K., Abarca-Quinones, J.,
Sempoux, C., Horsmans, Y., and
Leclercq, I. A. (2009). Relation
between liver progenitor cell
expansion and extracellular matrix
deposition in a CDE-induced
murine model of chronic liver
injury. Hepatology 49, 1625–1635.
doi: 10.1002/hep.22820
Weber, A., Groyer-Picard, M. T., and
Dagher, I. (2009a). Hepatocyte
transplantation techniques: large
animal models. Methods Mol. Biol.
481, 83–96. doi: 10.1007/978-1-
59745-201-4_8
Weber, A., Groyer-Picard, M. T.,
Franco, D., and Dagher, I. (2009b).
Hepatocyte transplantation in
animal models. Liver Transpl. 15,
7–14. doi: 10.1002/lt.21670
Yang, L., Jung, Y., Omenetti, A., Witek,
R. P., Choi, S., Vandongen, H.
M., et al. (2008a). Fate-mapping
evidence that hepatic stellate
cells are epithelial progenitors in
adult mouse livers. Stem Cells 26,
2104–2113. doi: 10.1634/stemcells.
2008-0115
Yang, L., Wang, Y., Mao, H., Fleig,
S., Omenetti, A., Brown, K. D.,
et al. (2008b). Sonic hedgehog is
an autocrine viability factor for
myofibroblastic hepatic stellate
cells. J. Hepatol. 48, 98–106. doi:
10.1016/j.jhep.2007.07.032
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 15 July 2013; accepted: 03
September 2013; published online: 26
September 2013.
Citation: Best J, Dollé L, Manka
P, Coombes J, van Grunsven LA
and Syn W-K (2013) Role of liver
progenitors in acute liver injury. Front.
Physiol. 4:258. doi: 10.3389/fphys.
2013.00258
This article was submitted to
Gastrointestinal Sciences, a section
of the journal Frontiers in Physiology.
Copyright © 2013 Best, Dollé, Manka,
Coombes, van Grunsven and Syn. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the orig-
inal author(s) or licensor are cred-
ited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is per-
mitted which does not comply with
these terms.
Frontiers in Physiology | Gastrointestinal Sciences September 2013 | Volume 4 | Article 258 | 8
